For the realization of environmental compatible tribosystems within the special research centre SFB 442 PVD coated systems are developed, which improve the tribological characteristics together in interaction with compatible lubricants.
INTRODUCTION
In order to realize environmental compatible tribosystems inline with the special research centre SFB 442 physical vapor deposition (PVD) coated systems are developed, which improve the tribological characteristics together with use of compatible lubricants [1] .
For the evaluation of coated substrate systems used in tribosystems, it is significant to characterize the mechanical stress collective within the system, by means of its mechanical properties. Subject of the presented investigations is an analysis about the properties of the systems that have significant effects on the system stress collective. Therefore the differences to the well-known surface stress of the massif materials are pointed out and mathematical models for the description of the coated substrate influence are developed (see Fig. 10 ).
METHODS
The aim of these investigations is to draw a connection from those stresses applied in a tribosystem (e.g. industrial applications bearings) to those loads applied in test methods e.g. microindentation (Rockwell Hardness Tests) and nanoindentation.
To evaluate the stresses applied in a real tribosystem the theory of micro contact mechanics of Greenwood Williamson is used and found to be appropriate (see Fig. 1 ). Only with this connection it is possible to consult the results gained in the coating test methods for the evaluation of a coated system. Of essential aid is the simulation of the mechanical surface stresses by means of FEM (finite element method).
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EXPERIMENTAL ATTEMPTS
For the determination of the maximum bearable loads of coatings for the different tribological purposes several applications were accomplished. For this paper axial cylinder roller thrust bearings were tested in the standardized and wear sensitive bearing lubricant test rig FE8. The examination took place according to standard (see Table 1 ) at high sliding under relatively high pressure in the boundary friction.
WEAR MECHANISM OF CYLINDRICAL ROLLER THRUST BEARINGS
Axial cylindrical roller thrust bearings (bearing type: 81212) consist of a housing and a shaft washer, which are honed as surface finishing. 15 rollers, mounted in a brass cage, are forced on a circular running track (see Fig. 2 ).
Fig. 2. Axial cylindrical roller thrust bearings 81212
Consequently, pure rolling motion only takes place in the centre of the cylindrical rollers. Their drill motion causes a rising slippage (up to 14%) towards their ends. If a fully separating lubricating film is missing, sliding wear will arises in the areas of positive and negative slippage.
In the centre of the rolling contact the wear is small because of the low glide ratio. In the area of large wear, the height of rolling elements and washers is reduced. Simultaneously the deformation and the pressure decrease. In addition to the pressure, the rate of wear is reduced in these areas. As a consequence, the wear process in the cylindrical roller thrust bearings has a decreasing character over the time. Apart from the adhesive and abrasive wear, fatigue damages can arise early in coated bearings, too. From the moment in time when the first fatigue damage occurs, the wear process becomes progressive.
Fig. 3. Sectional drawing of the FE8-test rig [2] TEST RIG AND TEST CONDITIONS
The tests were performed on the FE8 test rig, which is illustrated in figure 3 . Two cylindrical roller thrust bearings can be examined at the same time. The load is applied by two plate springs and can be varied by different distance plates. The friction torque is measured by a rope wheel, the rope of which is connected to a load cell. [2] . The test conditions are summarized in table 1.
An additive-free mineral oil (FVA 3 reference oil, ISO VG 100) was used as lubricant in order to avoid the wear protection mechanisms of additives. This lubricant has also the advantage that its composition is known. Furthermore, it will be available in the same quality for a long time. 
Fluid Parameters
Fluid
The main criterion of evaluation is the loss of mass of the rolling elements. To measure this loss of mass the bearings are dissembled after accurate time periods and the rollers and washers are weighed separately. If the additional wear of all rollers is less than 10 mg after 80 hours operation time and no fatigue damages arises, the wear protection of the coating can be evaluated as very good according to the experience of the German collaborative research project "SFB 442" and other research projects. Another criterion of wear is the surface shape of the bearing element. That is measured to indicate partial delamination of the coating or cohesive failure [2] . Apart from these main criteria, pictures and scanning electron microscope shots can give further information about the coating performance and surface conditions.
The bearings are dismounted after 1 hour, 8 hours, 80 hours, 160 hours and even 400 hours to weigh them and to evaluate the status of the coatings. The classification for roller bearing wear after 80 hours running time is as follows:
• excellent wear protection (wear less than 10 mg), • good wear protection (wear between 10 mg and 30 mg)
• average wear protection (wear between 30 mg and 100 mg). This classification of wear is adopted from the FE8 oil tests, where the bearings are dismounted just once after 80 hours [3, 4] . If a lot of wear was produced in the bearings and the wear protection scale for the whole bearing indicated just average or worse abilities, the test was already stopped at this early stage. Table 3 shows the properties of the coatings, which were deposited on the roller bearings (measurements by the Material Science Institute in Aachen) [5] . Physical vapor deposition (PVD) processes were used for all coatings, which guarantee a temperature lower than the tempering temperature of the substrate (100Cr6). The loss of hardness is here less important than the change of accurate dimensions [6] . The thickness of the examined coatings is between 2.5 and 2.7 µm. The results of all coatings that were tested in the research project are summarized in the diagram in Fig. 4 , where Young's modulus is over hardness. The three main groups of coating systems -carbonless coatings, hydrogen containing amorphous carbon coatings (a-C:H) and metal and hydrogen containing amorphous carbon coatings (a-C:H:Me) -each form close areas in the diagram. In detail the performance of two different amorphous carbon coatings containing hydrogen was tested, the 1006.ZrCg and the 1009.ZrCg (both a-C:H:Me). Both coatings are shown in figure 5 and were depositioned by the material science institute in Aachen [6] . Both coatings are gradated coating system. The difference of both coatings lies in the process management which made the coating 1009 with a linearic (Fig.  5 ) and 1006 with a non linear increase in carbon gas contribution. This leads to a decrease in hardness and Young's modulus from substrate to coating top. The carbon layer on top is destined for the reduction of friction in the contact, whereas the zirconium carbide provides the stiffness for the coating.
EXAMINED PVD COATINGS
Fig. 5. Design of the ZrC g -coating systems with its carbon concentration
Both coating designs show only small differences in their excellent wear performance (Fig. 6 ). Still the non linearic coating 1006 shows little enhanced performance. 
CONTACT MODELING
The aim of the pursued concept is to develop a coating model which relates the maximum stress of the layers to the arising loads. This enables us to calculate the coating layer in tribological applications as any other design feature. The gained comprehension from the test rigs examination serve as a starting point in this concept for the calculation of mechanical maximum stress in such coated systems.
The first step is the topographic analysis of the tribological partner with the help of an extended roughness measurement at the IME. This supplies the inputs for a micro contact model in addition to the well-known surface characteristic values. With this micro contact model the load of the micro contact of the tribo partner, e.g. contact radius and contact force can be computed.
In a second step this model is established in a FEM simulation, which obtains the tensions in the contact. Parallel to this, the FEM simulation is used to determine the failure tension of the layer substrate system. Measurements with a nanoindenter are also simulated with an FEM model supplying coating parameters like Young's modulus and hardness.
PARAMETER FOR THE MICRO CONTACT MODEL
In a first step a characterisation of the coatings on the bearings from the mechanical test program was accomplished with tactile surface analytic methods. Therefore the surfaces of the contact partners (casing disk rolling members and rolling member shaft disk) were measured with a Perthometer S8 and with the help of the surface analyzer software IME TOP. The surface characteristic values the plasticity index Ψ, root mean square roughness Rq and mean roughness depth Rz were determined among other. The plasticity index identifies the tendency of a surface for plastic deformation and this with relative independency of the applied outer load Thus it can be consulted as a kind of load characteristic or surface-initiated fatigue index for the surface and/or surface contact due to roughness. The plasticity index is calculated with the spectral moments m 0 and m 4 (variance of the zeros and second derivative of the profile deviations), the reduced elastic module E red and the Vickers hardness (HV) [12] . 
Fig. 7 : Plasticity index variation during the test time plotted over the sum wear
This allows characterizing the degree smoothing as a function of the performing coating. Here again the differences between both coating are little. Both start off with a plasticity index of one. The coating with the linearic carbon gas contribution reduces its tendency for plastic deformation faster.
MICRO CONTACT MODEL
In order to be able to make statements about the maximum stress of a coating, aside from physical characteristics of the coating, the affecting boundary friction conditions must also be judged.
Therefore a micro contact model is necessary, which defines the tension level at the asperities, taking the state of elastic hydrodynamic carrying capacity, the measured roughness values and the theoretical lubricating film thickness into account.
Greenwood and Williamson [7] developed such a model (GW model) for rough surfaces, which was used successfully in the range of the roller bearings [8, 9] .
According to [10] the roughness characteristics needed for the GW model can be deduced from the spectral moments of the 0 th , 2 nd and 4 th degree of the rough surface. These are the variances of the 0 th , first and second derivative of the profile deviations.
The contact of two rough surfaces is transferred into the "summed up" contact of a single rough surface against a nominally flat one, by calculating the three spectral moments as the sum of the moments of each surface.
With this contact model and the evaluation software IME-TOP (see [11, 12] ) the solid contacting force as well as contact load and contact areas are calculated as a function of the measured surface roughness of the bearing surfaces and the theoretical lubricating film thickness.
This contact model applied to the test specimens with the different coating designs reveals greater differences. For the contact Radius and its development over the test time shown in Fig. 8 . The coating with the linearic carbon gas contribution (1009) shows increase of the contact radius whereas 1006 remains with a constant contact radius of 40 µm.
With an assumed lubricating film thickness of 15 µm the calculated contact load develops as shown in Fig. 9 . There again the two designs show differences. 
Contact Radius
SIMULATION OF MICRO CONTACT WITH THE HELP OF THE FEM
The utilized micro contact model of Greenwood and Williamson transfers the material contact of two rough contact partners into a contact Model from roughness summits with the same radius against an ideally smooth surface. In order to be able to determine the stress condition of a single asperity, a ball plane contact FEM model was established.
The examined bearing surfaces proved layer thickness of the coatings of 2.5 µm and different elastic modules of 77-400 GPa. In order to provide the different FEM nets for the variation of layer thickness and contact radius, a parametric CAD model was generated and handed over to the FEM software ABAQUS/Explicit.
With FEM it is possible to determine the three-dimensional stress condition quantitatively of the contact models (see Fig.  10 ). The first calculations with a purely flexible material model were accomplished
These results and other research work [13, 14] show that the most important parameters for the description of the stress situation is the elastic module, layer thickness and load. In order to make the different contacts comparable, two characteristic numbers were introduced. The first is the elastic module relationship of Ve, which is formed of the quotient of coating module and substrate module. The second characteristic number refers the layer thickness h to the half Hertzian contact width a. Consequently the maximum reference stress by Mises is plotted over the coating thickness contact width ratio (see Fig. 10 ). The maximum stress increase is identified at a coating thickness contact width ratio of 0.5. As a consequence, to avoid increased effective stresses it is vital to decrease the coating thickness to a minimum. These results led to development of gradated coating systems as described before. To evaluate the impact on the stress distribution due to a non constant material properties a new FEM model with four different distributions of the Young's modulus (see Fig. 11 ) was created. In Fig. 12 the development of the effective stress by Mises shows the typical bulge at a coating thickness contact width ratio of 0.5. With a linear distribution the gain in avoiding this is very low. But with a cubical or higher distribution the maximum at 0.5 can be prevented. For the maximum tensile stress on the contact surface however, its maximum is at outer rim of the contact. The maximum tensile stress on the contact surface is higher, for greater ratios of substrate to the coating elastic module (Ve) (see Fig. 13 ). The comparison of these results to an inhomogeneous coating is again shown in Fig. 14 . The positive effect by a cubical or higher distribution like on the effective stress can not be verified. Due to the high Young's modulus on top of the coating of 480 GPa the maximum tensile stress is higher than the stress in an mono layer coating. 
CONCLUSION
The application of the contact model to the test specimens reveals differences in the contact parameters for the different coating designs. The coating with the linearic carbon gas contribution (1009) shows increase of the contact radius where as 1006 remains with a constant contact radius of 40 µm. The explanation for this can be a higher effective stress by Mises in the micro contact.
The calculated contact load shown in Fig. 9 supports this theory. Because of the increasing loads the coating thickness contact width ration decreases and the maximum effective stress decreases as well.
These results indicate exemplarily that the appropriate design of coated tribosystems can only be achieved with detailed knowledge of the application, such as surface topology (roughness) and lubrication condition. With these findings the development of new coatings for example with physical vapor depositioning can be improved extensively for enhancement in various tribological applications like bearings, gearboxes, etc.
With the results of the FEM it is possible to take the anisotropic and inhomogeneous material properties of the coating material and substrate into calculable account. In Fig.  11 and Fig. 12 the influence of coat thickness and Young's modulus ratio of coating (Ve) and substrate on the effective stress by Mises is presented. The maximum stress increase is identified at a coat thickness contact width ratio of 0.5. As a consequence, to avoid increased effective stresses it is vital to decrease the coating thickness or the differences of the Young's modulus of coating and substrate to a minimum. Another option is, if both conditions can not be fulfilled, to have a Young's modulus distribution with has a smooth transition form substrate to coating material.
If you take a look on the tensile stresses imposed to the system, the presented design rule dictates the contrary, if Young's modulus ratio of coating and substrate (Ve) is greater than 1.0 (see Fig. 13 and Fig. 14) .
